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ABSTRACT
Transmission line structures play a vital role in transmitting electricity from the source of production to the
distribution system. The main components of a transmission line are the conductors, the insulator strings, the ground
wires and the supporting towers. Among the different types of supporting towers, prestressed concrete transmission
poles have the advantages of low installation and maintenance costs, appropriate delivery time, and corrosion
resistivity. To the best of the authors’ knowledge, this paper represents the first investigation conducted to assess the
response of cantilever prestressed concrete poles to tornadoes. The localized nature of the tornadoes and the
extended length of the conductors introduce some challenges in predicting the critical response of power
transmission towers to tornadoes. The current study is conducted numerically using an in-house numerical model
that includes the following: (1) a three-dimensional tornado wind field developed using computational fluid
dynamics simulations; (2) a non-linear simulation of the structural behaviour of a prestressed concrete transmission
poles taking into account the non-linear behaviour of the concrete and of the prestressed strands, and (3) a
simulation of the non-linear behaviour of the conductors including the effects of the pretension force, sagging, the
insulator’s stiffness and the non-uniform distribution of wind loads. Details of this numerical model are briefly
discussed in this paper. A case study is considered to assess the importance of including the effect of tornadoes in
the design of prestressed concrete poles.
Keywords: transmission lines- tornado-prestressed concrete poles-conductors.
1. INTRODUCTION
Transmission line structures play a vital role in electrical energy
transmission. The main components of a transmission line are the
conductors, the insulator strings, the ground wires and the supporting
towers. The use of prestressed concrete transmission poles is
widespread due to their low installation and maintenance costs, their
appropriate delivery time, and their corrosion resistivity. In addition to
the prestressed concrete poles’ own weight, they are mainly subjected to
normal (synoptic) and high intensity wind loadings (downbursts and
tornadoes), ice loads and maintenance loads. Hence, the design of the
poles should satisfy both the strength and serviceability requirements
during the poles’ life cycle. The poles’ delivery process and the road
(terrain) conditions should be considered as a case of loading where the
poles should behave in an elastic manner. The reactions of the
conductors, the ground wires and of any other attachments should also
be taken into account. The design criterion for such poles is that they
should remain un-cracked under normal synoptic wind loading. The
prestressed concrete poles’ behaviour under high intensity wind loading
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Figure 1: Concrete Pole. Source:
http://www.valmont.com/valmont/
markets/ utilities/transmission-poles

especially tornadoes has not been previously studied.
The major specific characteristic of a tornado wind event is its localized high intensity wind speed. Field
measurements for such events can’t be easily performed because the tornado path’s width can reach up to 500 m.
Hence, the intensity and scale of tornadoes cannot be measured by traditional recording stations in the field.
Therefore, the simulation of the tornado event relies mainly on numerical and analytical modelling. Fujita (1981)
defined a tornado as a rotating wind vortex moving at high speeds, affecting a relatively narrow path. Hangan and
Kim (2008) conducted a three-dimensional computational fluid dynamic (CFD) simulation for the wind field
associated with tornadoes. The velocity field test was conducted in a steady state manner. Therefore, the velocity
profile does not vary with time. It consists mainly of three velocity components, radial Vmr, axial Vma and
tangential Vmt velocities. Hangan and Kim (2008) validated their CFD model by comparing the velocity field
results with those of Baker (1981), Wurman (1998) and Sarkar et al. (2005). Hamada et al. (2010) studied the wind
velocities associated with F4 and F2 tornadoes. Having no field data for F2 tornadoes, scaling procedures were
adopted to estimate a velocity field for F2 tornadoes from the CFD data as presented by Hamada et al. (2010).
Hamada et al.’s (2010) scaling steps are implemented in this paper to evaluate the tornado’s tangential, axial and
radial velocity components at an arbitrary point on the studied pole or conductor.
To the best of the authors’ knowledge, this paper is considered to be the first investigation conducted to assess a
prestressed concrete transmission pole’s response under tornado events. In this paper, a sophisticated numerical
model, which is capable of predicting the behaviour of the self-supported prestressed concrete poles subjected to
tornadoes, is developed. A summary of the numerical model development is shown as follows:
1. This model incorporates the CFD simulations for tornadoes developed by Hangan and Kim (2008).
2. The velocities computed by the CFD models are then scaled up to be applied to the pole and the conductors
based on Hamada et al. (2010).
3. The forces induced from the HIW events on the prestressed concrete pole and the conductors are then
calculated based on ASCE No.74 guidelines (2010).
4. The nonlinear semi-closed form solution developed by Aboshosha and El Damatty (2014) is adopted to
evaluate the conductors’ reactions when subjected to tornadoes.
5. A nonlinear section analysis model for the prestressed concrete poles is utilized to predict the pole’s internal
forces and deformations under HIW events.
2. EVALUATION OF TORNADO FORCES ON POLES AND CONDUCTORS
According to ASCE No.74 guidelines (2010), the wind forces acting on an arbitrary point are shown in the
following equation:
[1]

Fw  0.5 a GC f A( Z vV ) 2

Where Fw is the wind force developed in the studied direction (translation, rotational or axial); ρa is the density of air
= 1.225 (Kg/m3); G is the gust factor, and Cf is the drag force coefficient. A is the nodal projected area facing the
wind direction, Zv is the terrain factor and V is the tornado’s velocity in the studied direction in m/sec.
For conductors and circular concrete poles, the value of the drag coefficient is taken to be equal to 1 according to
ASCE No. 74 guidelines (2010) and the same values are recommended for the gust and terrain factors.
The conductors are analyzed separately and their reactions are taken into consideration while studying the pole.
Various approaches are conducted to model the conductor. Aboshosha and El Damatty (2014) conducted a semiclosed form solution that determines the displacements, and the longitudinal and transverse reactions of the
conductors under tornado loading, taking into consideration the insulator’s stiffness. After analyzing the conductors
during a specific tornado event, the conductors’ reactions are then applied to the prestressed concrete poles in
addition to the loads resulting from the tornado forces on the pole itself.
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3. STRUCTURAL MODELLING OF PRESTRESSED CONCRETE POLES
Based on the ASCE manual “Prestressed Concrete Transmission Pole Structures” (2012), the poles generally exhibit
both material and geometrical nonlinear behaviour due to the stress-strain relationship of reinforced concrete and the
change in the section properties relative to the applied loads, respectively. Also, time-dependent changes that occur
in the prestressed concrete should be taken into account, such as: shrinkage, creep and relaxation of strands.
Rodriguez and Ochoa (2001) developed an analytical model that determines the relationship between the curvatures
of partially and fully prestressed concrete elements subjected to biaxial bending and axial forces. This relationship is
known as (M-P-ø). The model accounts for the nonlinear stress-strain relationship of concrete including: tension
stiffening, creep and shrinkage, and the modified stress-strain relationship of the prestressed steel including
relaxation as recommended by Mattock (1979). This model will be incorporated into this paper.
3.1 Determining M-P-ø diagrams for circular hollow prestressed sections
The assumptions used in the analysis are listed as follows:
1. Plane sections remain plane before and after bending.
2. The concrete stress-strain relationship is given by the following equations:
For Ɛ / Ɛ0 < 1:
[2]
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Where:
fc is the concrete stress
ɛ is the concrete strain
ɛ0 is the concrete strain at maximum concrete stress
β is the confinement factor
y is the height of the compression portion measured from the cross section center
c is the height of the cross section subjected to compression measured from the center
f’c is the concrete maximum allowable strength
3. The torsional and shear deformations are not taken into account as their effect on bending deformations is
negligible.
To determine the stresses, strains, curvatures and deformations that will occur due to both axial and bending actions
on a concrete section, the M-P-ø diagram should be constructed for such cross sections. After construction of this
diagram, the curvature of a section under a specific bending moment and axial force can be determined.
A numerical technique is developed using FORTRAN. This technique is capable of drawing the M-P-ø diagram for
a hollow circular cross section in 0.09 seconds.

Figure 2: Stress-Strain curve for concrete

Figure 3: Variation in strain across the pole cross section
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Where:
Concrete ultimate strain = -0.0035
ɛtop = compression strain in concrete
C = height of the compression zone
ɸ is the section curvature = | etop | / c
Pacting is the acting axial load on the cross section
Pinternal is the internal forces developed in the concrete and strands due to the acting axial load
3.2 Convergence criteria
The neutral axis position for a specific concrete compression strain that equates the internal forces in concrete and
steel strands to the acting external force is the key for analyzing the prestressed concrete pole’s cross section. After
determining the position of the neutral axis, the concrete and the strands’ compression and the tension forces as well
as the developed resisting bending moment can be easily determined.
To determine the neutral axis position with a high accuracy, two initial values are assumed for ɸ based on ensuring
that the two values will result in two internal forces with the acting force lying between those two values. The first
two values for ɸ are 0.000001 and 10, respectively. The curvature value, which is 0.000001, is identified as ɸsmall and
the value of 10 is identified as ɸbig. The internal forces corresponding to the small and big curvature values are
calculated and (P small>Pinternal> P big). Consequently, the next value of ɸ is evaluated such that ɸ= (ɸsmall + ɸbig)/2 , and
then Pinternal is calculated. Consequently, the new ɸsmall and the new ɸbig are assigned such that (P small>Pinternal> P big).
Those steps are repeated until Pinternal= Pacting± tolerance. The efficiency of this technique guarantees that the
tolerance can be assumed such that the difference between the applied external force and the internal developed
forces don’t exceed 1 Newton. This highly accurate process is achieved within 0.0022 to 0.0027 sec.
After obtaining the curvature at the specific strain state, the internal moments developed by both concrete and
strands are calculated and a point is plotted on the Moment Curvature diagram. After conducting the previously
mentioned steps for a certain compression strain in concrete, another strain is assumed and this process is repeated to
obtain more points on the Moment Curvature diagram. This process is repeated for every compression strain until
the crushing of the concrete. The strain state that corresponds to the acting external force might not be achieved at a
certain assumed top strain because the rupture of the strands might occur at this state. Based on that, if the number of
trials exceeds 20000 and the desired force is not achieved, a higher concrete top strain is assumed and another loop
of iterations begins.
3.3 Detailed example
In this section, a detailed example of determining the M-P-ɸ diagram for a circular hollow prestressed cross section
is presented. When a concrete section is subjected to a compression force = -200 KN, the prestressed concrete
section properties are as follows:
Fc’=25 Mpa, Ɛ0 =-0.002 mm/mm, Ɛu=-0.0035 mm/mm, outside diameter = 500 mm, inside diameter = 450 mm. This
section is pre-tensioned using 8 low relaxation strands with an area of 200 mm2.

Figure 4: Moment Curvature diagram at P=-200 KN
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To validate the developed technique, the same cross section is modelled using the RESPONSE 2000 Program and
the M-ɸ diagram is obtained under the same load, which is -200 KN. A great agreement between the two curves was
achieved.
From the previous figure, it can be concluded that the development of the M-P- ɸ diagrams for the prestressed
concrete hollow circular cross sections using the developed technique is validated and shows a strong agreement
with the RESPONSE 2000 program.
3.4 Determining pole deflection
The deflection for the tapered prestressed concrete poles under any type of loading can be obtained by determining
the curvature of each cross section due to the acting bending moment and axial force. After identifying the curvature
profile of the pole, the deflection is determined using the conjugate beam method (integrating the curvature profile
along the pole height) as follows:
H

[4]

    dl
0

Where:
Δ: is the top deflection of the pole
Ф: is the curvature of a cross section across the pole height
dl: is a portion of the pole length and H: is the total pole height
3.5 Validation of the developed technique
A prestressed hollow circular tapered pole tested by Fouad et al. (1994) was modelled using the developed technique
that determines the curvature of each cross section along its height due to the acting bending moment and it was
extended to have the capability to integrate the curvatures over the pole length to determine the pole deflection.
The pole tested by Fouad et al. (1994) was 27 m in height, with an unsupported length of 22.3 m. The outer
diameters at the top and the bottom were 335 and 831 mm, respectively; the thickness of the tapered pole varied
from 64 mm at the top to 92 mm at the bottom. The concrete strength was 65.5 MPA. A number of 24 low
relaxation strands with a diameter of 13 mm were used and the load cell was applied at 0.6 m below the pole tip,
while the load increment was 1.8 KN. The deflection was plotted at each load increment.
Figure 5 below shows the load deflection relationship for the proposed model and the results of the test performed:

Figure 5: Load versus top deflection for the developed technique and the test
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According to the above figure, the difference between the maximum loads that can be sustained by the pole
according to the developed program is higher than that calibrated through the test by 12.5 % and the difference in
the maximum deformation is about 20 %. Both of the differences can be accepted because the developed technique
assumes that the material factors for concrete and strands are equal to 1.0. Based on the previous results, it can be
concluded that the model developed to analyze the prestressed concrete hollow circular poles is verified and can be
used to predict the behaviour of this type of poles.
4. EFFECT OF TORNADO LOADING ON A PRESTRESSED CONCRETE POLE (CASE STUDY)
After validating the numerical technique developed for the cantilever prestressed concrete poles and the wind field
associated with tornadoes, a parametric study is performed on a typical prestressed concrete circular hollow
cantilever pole where the pole is subjected to 169 F2 tornado cases with a gust wind speed of 72 m/sec. The
maximum top deflection of the pole and the maximum bending moment at the pole bottom are calculated in each
case.
The tornado case is defined by two main parameters known by R and θ and shown in the figure below. The
parametric study is conducted such that R ranges between 12 to 288 m with an increment of 23 m and θ ranges
between 00 and 1800 m with increment of 150.

Figure 6: Tornado parameters
The properties of the pole are the same as those used by Dai, K.S. and Chen, S.E. (2007); the pole height is 30 m,
with an unsupported length of 25.45 m; the outer diameters in the top and the bottom are 281 and 802 mm,
respectively; the thickness of the tapered pole varies from 139 mm at top to 198 mm at bottom; the concrete strength
is 75.8 MPA, and 20 low relaxation strands of an area of 93 mm2 are used.
4.1 Conductor Properties
Two conductors are used in this study and their properties are shown in the following table:

Hanging point
elevation(m)

Diameter
(mm)

Weight
(N/m)

23

346.9

30

Table 1: Conductor properties
Modulus
Sag(m)
Span(m)
of
Elasticity
*1011
(N/m2)
1.89
2
100

Cross arm cross
section
(inch)

Cross arm
length
(m)

10x10x3/8

2.44

Based on the ASCE manual No.123, “Prestressed Concrete Transmission Pole Structures”, the poles’ cross sections
are typically designed to remain un-cracked under synoptic wind load. The maximum reference mean wind speed
that this pole can sustain without cracking is found to be 40 m/sec.
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4.2 Effect of F2 tornado parameters and critical tornado case
In this section the effect of each parameter is studied and the following figures show the effect of each parameter on
the maximum moment developed:

Figure 7: Variation of moment with radius (R) at critical theta values for span = 100m

Figure 8: Variation of top deflection with radius (R) at critical theta values for span = 100m
From the previous figures it can be concluded that the critical F2 tornado case is when R=127 m and θ=750. The
maximum moment developed in the cantilever prestressed concrete pole- carrying the 100 m span conductors and
designed to be un-cracked under synoptic wind speed of 40 m/sec - under the effect of 169 F2 tornado cases didn’t
exceed the maximum capacity of this pole. The ratio between the maximum base moment and the base bending
moment capacity is found to be equal to 0.95.
For the F2 tornado distance of R=127 m, the maximum base moment and the top deflection increases with the
increase of θ until it reaches its maximum value at θ=750. The effect of the tornado on the transmission pole begin
to decrease until θ=1800. The effect of θ made the ratio between the maximum and the minimum base moments
equal to 4.35 times. This result indicates that the effect of the angle at which the tornado event attacks a transmission
pole is very significant even if the distance of the tornado centre to the pole centre is the same. The top deformation
of the pole in this critical case (R=127m and θ=750) = 4.02m.
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5. CONCLUSIONS
According to the previous results it can be concluded that:
1. A new numerical technique is developed and validated to assess the behaviour of cantilever prestressed
circular concrete poles where the poles’ deformation can be estimated with a high degree of accuracy while
applying high intensity wind events like tornadoes.
2. The maximum F2 tornado effect on a cantilever prestressed concrete transmission pole carrying conductors
of a 100 m span and mainly designed to stay un-cracked under synoptic wind speed of 40 m/sec occurs
when θ=750 and R=127m.
3. Cantilever prestressed concrete poles with a 100 m conductor span designed to be un-cracked under mean
normal wind speed of 40 m/sec will not fail if subjected to an F2 tornado loading with all its possible
configurations.
4. A cantilever prestressed concrete transmission pole carrying conductors of 100 m span and mainly designed
to stay un-cracked under synoptic mean wind speed of 40 m/sec will suffer from excessive deformations
and cracks if subjected to critical HIW events.
5. Critical tornado cases should be taken into consideration while designing cantilever prestressed concrete
poles with an allowance of acceptable cracks in order to maintain the pole’s serviceability.
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